Listeria monocytogenes is a motile gram-positive microorganism with a wide distribution in nature, having been isolated from soil, water, vegetation, and many animal species (30) . It is an opportunistic intracellular pathogen responsible for a disease that in its severest form is a meningitis (17) . Outbreaks of listeriosis have been traced to the consumption of food, mainly, dairy produce and vegetables (11) . The fetus, the newborn, the old, and the immunocompromised individual are the main victims of this disease (17) .
Relatively little is known of virulence factors that contribute to the pathogenesis of listerial infection. The secreted hemolysin, listeriolysin, is currently the only gene product that has been unequivocally assigned a role as a virulence factor (reviewed in reference 7 ). Yet, it is clear that, to cause disease, the intruding bacterium must have other factors that assist and promote evasion from immune defenses. These include factors for adhesion and invasion of the eucaryotic cell, survival and growth within the host cell, and cell-to-cell spread as well as factors that influence the regulation of the host immune response (5, 7) .
In the course of our genetic studies on the listeriolysin gene of an L. monocytogenes serotype 1/2a strain, EGD, we found that sequences located downstream of the listeriolysin gene were unique to the pathogenic species L. monocytogenes (14) . More recently, partial DNA sequencing of this region from an L. monocytogenes serotype 1/2c strain, L028, indicated the presence of the start of an open reading frame (ORF), denoted ORF D, apparently coding for a secreted protein (19) . Transcriptional mapping of the RNA start site of this ORF revealed the presence of sequence elements in its promoter region that were in common with * Corresponding author. the promoter region of the lisA gene. This led to the suggestion that, in L. monocytogenes, the expression of this ORF is responsive to the same environmental stimuli and regulated in a manner similar to the listeriolysin gene (19) .
In this study, we present the entire nucleotide sequence of an ORF located immediately downstream of the lisA gene from the virulent L. monocytogenes serotype 1/2a strain EGD. We report that the deduced amino acid sequence of this ORF is highly similar to that of members of a family of secreted metalloproteases produced by various members of the species Bacillus. We have designated this gene mpl for metalloprotease of L. monocytogenes.
MATERIALS AND METHODS
Bacterial strains and plasmids. L. monocytogenes serotype 1/2a strains EGD and NCTC 7973 and L. innocua strain NCTC 11288 have been described previously (14) . Escherichia coli strain DH5a (endAl hsdRJ7 supE44 thi-J recAl gyrA96 relAI) was used for cloning and transformation (14) . Maxicell analysis of plasmid-encoded polypeptides was performed with strain CSH26AF6 [ara thi A(lac-pro) A(recAsrlF6) rpsL]. The plasmid cloning vector pUC18 has been described previously (14) . Restriction [ot-32P]dATP (800 Ci/mmol) was purchased from Amersham Buchler. The labeled reaction mixtures were separated by electrophoresis on urea-6% polyacrylamide gels, the gels were dried down, and the sequence was read from X-ray film autoradiograms. The sequence data were analyzed by using the University of Wisconsin Computer Group software (8) .
Primer extension analysis. A synthetic oligonucleotide of 25 nucleotides from a region upstream of the mpl gene was 5' labeled and used as primer (see Fig. 1 ). Labeled primer (2 pmol) was annealed to 10 ,ug of cellular RNA in 6 ,u of a solution containing 50 mM Tris hydrochloride (pH 8.3), 60 mM NaCl, 10 mM dithiothreitol, and 1 mM EDTA. Subsequently, 9 ,ul of reaction mixture was added, resulting in a solution containing 0. 5 Analysis of plasmid-coded translational products in a maxicell system has been described previously (6) (27) , proteins were transferred to nitrocellulose paper, reacted with rabbit anti-thermolysin antiserum (28) at a 1:1,000 dilution, and stained with horseradish peroxidase-conjugated second antibody, as described previously (14 Nucleotide sequence accession number. The nucleotide sequence data reported in this paper have been submitted to EMBL and assigned the accession number X54619.
RESULTS
The DNA sequence of a region of L. monocytogenes chromosomal DNA from strain EGD, located between the HindlIl restriction endonuclease site situated immediately downstream from the lisA gene to the HaeIII restriction endonuclease site 2 kb away, was determined (Fig. 1) . The nucleotide sequence revealed the presence of a large ORF of 1,533 nucleotides (nucleotides 2092 to 3624) located 329 nucleotides 3' to the UAA stop codon of the listeriolysin gene. It was preceded by a putative ribosome binding site located seven nucleotides upstream of its initiation codon ATG. The reading frame encoded a protein of 510 amino acid residues with a calculated molecular weight of 57,400 and pl of 6.64. Sequences of a dyad symmetry that resemble a rho-independent terminator (21) were located 33 nucleotides downstream of the termination codon.
The first 72 nucleotides of the ORF encode a 24-aminoacid peptide that has all of the features of a procaryotic signal peptide sequence. It has an overall helical structure that is predicted to be transmembranous, positively charged amino acid immediately following the initiator methionine and a central hydrophobic core followed by more polar amino acids. This result suggested that the product of this ORF is, like listeriolysin, a secreted polypeptide in L.
monocytogenes.
Homology with bacterial neutral proteases. Analysis of the predicted polypeptide sequence of the ORF for homology to other sequences in the GenBank data base, using the FASTP algorithm of Lipman and Pearson (15) , revealed strong similarities to secreted bacterial zinc metalloproteases from Bacillus spp. (13, 23, 25, 29) . The similarities were substantial ( Fig. 2) , especially in the region corresponding to the mature forms of these proteases, and highly conserved with respect to residues forming the catalytic center of these enzymes ( Fig. 8 of reference 12 ). The Bacillus proteases are all preproenzymes and possess a putative signal peptide at the N-terminal end of their full-length ORFs. Mature protease is produced by cleavage of an N-terminal pro-sequence and is approximately 60% of the total length predicted from their full-length ORFs. A comparison of the sequences available for the mature form of these enzymes suggests amino acid Glu-200 as the site at which the scissile bond is cleaved to give the mature form of the protease. In the case of the listerial protease, this would result in a mature protein of 35,000 Da. The ORF encoding this polypeptide has been designated mpl, denoting metalloprotease of L. monocytogenes.
Transcription start site of the mpl gene. The transcription start site of the mpl gene was mapped by primer extension, using avian myeloblast reverse transcriptase of RNAs extracted from L. monocytogenes EGD (Fig. 3) . Two start sites for transcripts were detected, a minor transcript starting 149 nucleotides and a major transcript starting 150 nucleotides, respectively, upstream of the initiation ATG codon of the mpl gene. At the spatial regions corresponding to the -10 and -35 regions of either transcript, there is good fit at the -10 region but poor homology at the -35 region 
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Sequence alignments of metalloproteases from Bacillus spp. and the Mpl protease of L. monocytogenes (Lmo). Alignments were produced by using the Bestfit algorithm with a gap weight of 3.000 and length weight of 0.100 (8) strains of L. monocytogenes is in fact antigenically related to the metalloproteases produced by many Bacillus spp., of which thermolysin is a prototype (13 ivanovii, L. innocua, and L. seeligeri were isolated and digested with the restriction endonuclease SphI. In the serotype 1/2a EGD strain, all of the lisA gene and part of the mpl gene are located on a common 3.86-kb SphI fragment (14) . Hence, if physical linkage of both genes also exists in strains of other serovars, DNA probes harboring sequences internal to each of these genes would be expected to hybridize to a common SphI DNA fragment. The results obtained (Fig. 1) was used for reverse transcription of the transcript. The DNA products were separated on an 6% polyacrylamide gel simultaneously with a dideoxy sequencing reaction ladder, using the same DNA primer and plasmid pLM47 as template to allow determination of the extension product. Lane 1 denotes the primer extension reaction done with total RNA from strain EGD. Lanes denoted G, A, T, and C are tracts of the sequencing reaction.
species. The gene is absent in all other species of the genus Listeria.
Primer extension analysis of RNA extracted from L. monocytogenes bacteria indicated the presence of two transcriptional start sites located 149 and 150 nucleotides upstream of the initiator ATG codon. The longer RNA transcript is the major form produced in this strain (Fig. 3) . A previous analysis of the transcriptional start sites of the gene A palindromic sequence of 14 bp centered around the -40 regions of the promoters of genes detected within this region of the serotype 1/2c strain has invited speculation that it is a site at which DNA-binding proteins may act and given rise to the notion that these genes are commonly regulated (19) . Such palindromic sequences are also present in the spatial region corresponding to the -40 regions of the mpl and lisA genes in strain EGD. We note, however, that a similar palindrome starting from nucleotides 3625 to 3638 also brackets the termination codon of the mpl gene. The role of the palindromic sequences in mediating coordinate regulation of these genes is not clear at this time; more studies will be required to address their significance.
The amino terminal of the predicted polypeptide contained a 24-amino-acid sequence with sequence features typical of a signal peptide. That this protein is in fact secreted was confirmed by the detection of a 60-kDa protein, crossreactive with antiserum to purified thermolysin from B. stearothermophilus, in the supernatant fluids of L. monocytogenes strains. Little or no cross-reactive material was detected in total cell lysates of these bacteria (data not shown). The secreted bacterial metalloproteases are all preproenzymes and processed after secretion of the inactive pro-form to their respective active mature forms (13, 23, 25, 29 within the environment of the host would be a means of effectively targeting it to its appropriate site of action. In the only strain in which activity was present, small but detectable amounts of a 35-kDa polypeptide were detected in its supernatant fluids (Fig. 6) .
The low level of protease activity in E. coli recombinants harboring the mpl gene was likely the result of a combination of low expression of this gene in the recombinants used and the absence of any significant level of processing of the protease to its mature active form in E. coli. There is, in fact, precedent for the poor expression of protease activity in E. coli recombinants harboring cloned preproenzymes from Bacillus species (26 
